Several 'problem nutrients' are identified in complementary feeding of Guatemalan infants with continued breastfeeding using the concept of 'critical nutrient density' M Vossenaar, L Herná ndez, R Campos and NW Solomons BACKGROUND/OBJECTIVES: The World Health Organization (WHO) recommends nutritionally adequate complementary feeding (CF) through the introduction of indigenous foodstuffs and local foods while breastfeeding for at least 2 years. To determine the adequacy of the contribution of CF to the diets of Guatemalan infants at the 7th-12th month of life receiving high-intensity continued breastfeeding. SUBJECTS/METHODS: Critical nutrient densities for CF were modelled using age-and sex-specific energy and protein requirements assuming children to be at the 50th weight percentile of local peers and 15th weight percentiles of the 2006 WHO standards. Nutrient requirements for the total diet were determined using the recommended nutrient intakes. Breast milk was assumed to provide 75% of total energy at the 7th-9th month and 50% at the 10th-12th month. Gaps between computed critical nutrient densities and the CF consumption of 128 Guatemalan infants based on data collected by means of three nonconsecutive 24-h quantitative intake recalls were examined. Locally consumed foods with nutrient densities above the modelled critical densities were identified. RESULTS: Observed non-breast milk complementation would result in total diets providing inadequate nutrient density for vitamin A, niacin and vitamin C in some age groups. Major gaps for calcium, iron and zinc were ubiquitous across all groups. Few foods commonly consumed among Guatemalan infants had adequate densities of 'problem nutrients'. CONCLUSIONS: The critical nutrient density concept is useful to evaluate the nutrient adequacy of the infant's diet. Fortified foods are essential sources of the main 'problem nutrients', namely calcium, iron and zinc, given that natural sources are scarce.
INTRODUCTION
The prime directive for the feeding of an infant or young child is that he or she receives all of the nutrition (energy, macro-and micronutrients) necessary to meet the requirements for growth, development and resistance to disease. For the first 6 months of life, this can be provided by ad libitum exclusive breastfeeding, controlled by the hunger and thirst demands of the infant.
1,2 After 6 months of exclusive breastfeeding, however, the World Health Organization (WHO) recommends the introduction of safe and adequate complementary foods, whereas breastfeeding continues up to the age of 2 years or beyond. 3 The appropriate contribution of human milk to total energy intake from the seventh month onward is a matter of discussion.
As breastfeeding has inherent advantages for both mother and infant, 1,2,4,5 some have advocated that the maximum volume of milk that the child will accept be offered even up to 24 months. 6 Accepting this premise places certain reciprocal demands on the nature and nutrient content of the non-milk fare fed to the child in this critical period of early life. In 1998, Brown et al. 7 suggested that the transition to full weaning pass through a phase in which 'special foods' (baby foods) join the maternal milk, followed by the gradual food addition of family and reduction in special foods. The International Baby Food Action Network dissents from the necessity to provide specially formulated foods for infants, and recommends a direct transition to family foods as guided by the dentition and evolving mastication capacity of the infant. 8 For Guatemala, we had archival data on typical intakes by low-income adults. In order to give the family-food proposition an advantageous examination, we modelled the nutrient intakes derived from high contributions of human milk 6 complemented by the most nutrientadequate composite adult fare in our records in a recently published paper 9 and examined the satisfaction of meeting recommended intakes through the prism of the 'critical nutrient density' in family-food-based complementary feeding (CF).
The WHO suggests that adequate CF can be achieved through the introduction of 'indigenous foodstuffs and local foods'. 3 The World Alliance of Breastfeeding Action recommends 'optimal use of customary family and indigenous foods rather than focusing solely on fortified foods'. 6 The nutrient density of local foods in developing countries is often low, and it is debatable whether the high nutrient demands of infants who continue to breastfeed can be met with even the best combination of local foods. [10] [11] [12] A pair of twin surveys involving the CF intake among rural 13 and urban Thus, in order to enlarge the context of the non-milk fare beyond indigenous foods to the 'customary' CF from these surveys, and to give an enhanced benefit of the doubt for protein and micronutrient contribution from CF, we have modelled intakes for infants of the growth attainment seen in our survey communities in Guatemala. 13, 14 We present here the findings of this analysis focused on the Guatemalan context and second semester of life.
MATERIALS AND METHODS

Modelled population nutrient requirements
The 'critical nutrient densities' for CF of infants with continued breastfeeding were modelled following a series of assumptions described below.
Energy requirements. Sex-specific energy requirements for children in the 7th-9th and 10th-12th months of life were calculated assuming a daily energy requirement of 78-80 kcal/kg. 15 Energy requirements were calculated assuming children grew at either the Guatemalan community median body weight 16 or along the 15th percentile of the 2006 WHO growth standards, 17 which would constitute a small, but not undernourished, healthy child. The community median weight was based on a previous study and measurements of 624 and 252 infants living in a rural and urban area, respectively. As no significant differences were observed between body weights in the residential areas, the data were pooled. The median body weights were 8.0 and 8.5 kg for boys in the 7th-9th and 10th-12th months of life, respectively, and 7.3 and 8.2 kg for girls in the 7th-9th and 10th-12th months of life, respectively. These weights approximately correspond to the 25th and 20th percentile of the 2006 WHO growth standards 17 for boys in the 7th-9th and 10th-12th months of life, respectively, and to the 15th and 30th percentile for girls in the 7th-9th and 10th-12th months of life, respectively.
The energy contribution from breast milk in the model was assumed to be 75% and 50% of total energy in children in the 7th-9th and 10th-12th months of life, respectively, as recommended by the World Alliance of Breastfeeding Action. 6 The volume of breast milk corresponding to this recommended energy contribution was calculated in order to estimate nutrients delivered from the milk, based on the assumption that mature milk provides 67 kcal per 100 ml. 7 Protein and nutrient requirements. Protein requirements were calculated assuming a daily requirement of 1.3 g/kg.
18 Age-specific recommended nutrient intakes (RNIs) 19 were used to determine daily requirements for nine selected micronutrients (vitamin A, thiamine, riboflavin, niacin, folate, vitamin C, calcium, zinc and iron). These requirements are uniform for healthy children of both sexes regardless of body weight. Both high and low bioavailability of the CF were assumed for zinc requirements; and either 15 or 5% bioavailability for iron requirements. The amount of protein and micronutrients delivered from the assumed volumes of breast milk were based on mature breastmilk nutrient concentrations as reported by Brown et al. 7 for developing countries.
Nutrient gaps. The protein gap was computed as the difference between age-and sex-specific protein requirements 18 and the assumed amount delivered by breast milk. In a similar manner, gaps for micronutrients were computed as the difference between age-specific RNI values 19 and the nutrient content of the assumed amount of consumed breast milk. When the delivery from breast milk was greater or equal to the RNI, the nutrient gap was defined as being equal to zero.
Critical nutrient density. We put into practice the concept of 'critical nutrient density' as the quantity of nutrients per 100 kcal of CF that would achieve the RNI after accounting for the daily nutrient delivery from human milk. The critical nutrient density of CF was calculated as the nutrient gap divided by the energy provided by CF and presented per 100 kcal.
Reference population for local complementary foods
The nutrient density of commonly consumed CF was based on the observed diet of Guatemalan infants as reported previously by our team. 13, 14 In these studies, three nonconsecutive 24-h recalls were collected from a convenience sample of mothers of 64 infants living in a rural area and 64 infants living in an urban area. Infants were in the 7th-12th months of life on enrolment. A total of 94 different food items were reported in the rural area, 13 versus 100 in the urban area. 14 Median estimated energy and macronutrient intakes of the foods and drinks consumed were calculated using the USDA database. 20 Determination of 'problem nutrients' based on the critical nutrient density concept
As demonstrated by the pioneering by Brown et al. 7 in 1998, the evaluation of situations concerning the nutritional adequacy of CF can successfully be addressed through the prism of nutrient density and critical nutrient density. 'Problem nutrients,' defined as those for which there is a discrepancy between the amount required by the infant and the actual Assuming CF to provide 25% of total energy in the 7th-9th month of life and 50% of total energy in the 10th-12th month of life as recommended by the World Alliance for Breastfeeding Action. 6 e Assuming BM to provide 75% of total energy in the 7th-9th month of life and 50% of total energy in the 10th-12th month of life.
6 f Assuming breast milk to provide 67 kcal per 100 ml. The nutrient density of complementary foods M Vossenaar et al amount observed in the diet, were identified by sex, age group and growth trajectory. Finally, as a guide to potential meal planning with items actually observed to be used in CF of the respective communities, foods with nutrient densities above the calculated nutrient density were identified and top sources were listed.
RESULTS
Daily protein and energy requirements, based on the WHO standards for infants following either Guatemalan community median body weight 16 or the 15th weight percentile of the 2006 WHO 17 growth standards, are presented in Table 1 . The amount of energy from milk to satisfy the stipulated 75% of total energy in the 7th-9th month of life and 50% in the 10th-12th month of life and 50% for 10-12 months and the corresponding volumes of human milk that provides that energy were derived. By virtue of their larger size at any age, the values for boys are higher than those for girls, and an obligatory reduction in energy occurs at the lower boundary of healthy weights (15th percentile).
Shown in Tables 2 and 3 are requirements for nutrients, nutrient delivery from assumed breast milk volumes, nutrient gaps and critical nutrient density for CF. Table 2 assumes the child to have a Guatemalan community median body weight, 16 whereas Table 3 assumes infants to be in the 15th percentile body weight of the 2006 WHO growth standards. 17 Although protein needs vary by age and weight, vitamin and mineral requirements, consequently recommended intakes are constant and uniform throughout the 7th-12th-month period.
Also presented in these tables are the amounts of protein and selected micronutrients delivered from the corresponding energyspecific milk volumes across both sexes for infants with either a community-average body weight (Table 2) or growing along the 15th weight percentile of the 2006 WHO growth standards ( Table 3) . The negative consequences of having a smaller energy allowance by virtue of sex or size are illustrated. For example, a boy in the 7th-9th month of life with a community-average weight would consume 707 ml of milk, which would deliver a daily 198 mg of calcium, whereas a boy growing in the 15th percentile 17 would consume 681 ml of milk containing 191 mg of calcium; or 7 mg less calcium than their faster growing counterparts.
The difference between nutrient requirements and delivery from assumed volumes of milk generates the respective nutrient gaps to be filled by CF. The final column of Tables 2 and 3 represents the critical nutrient density for CF. The gaps can be seen to widen in the expected direction, as the body size of the infants in the model limit the amount of energy that can be ingested from both the human milk and CF component of the diets. The critical Based on mature milk nutrient levels in breast milk as reported by Brown and Dewey 7 and assuming milk volumes presented in Table 1 . The nutrient gap is the daily requirement minus nutrients provided by the assumed volume of breastmilk. The critical nutrient density of CF is the nutrient gap divided by the energy provided by CF.
f Assuming breastmilk provides 75% of daily energy requirements. 6 g Assuming breastmilk provides 50% of daily energy requirements. 6 h High bioavailability for iron was defined as 15% and low as 5%. i High bioavailability for zinc was defined as 50% and low as 15%.
The nutrient density of complementary foods M Vossenaar et al nutrient gaps, however, change in a variable fashion, driven primarily by the relative adequacy of the milk content of a nutrient in relation to the residual energy allowance for CF. The critical nutrient densities computed are compared with median nutrient densities observed in CF of Guatemalan infants in Table 4 . These results reveal the 'problem nutrients' by sex, residential area and growth trajectory. Calcium, iron and zinc are 'problem nutrients' in all infants examined with the greatest relative gaps observed, specifically if the lower bioavailability assumptions are stipulated. Boys in the 10th-12th month of life with an assumed average body weight had the most adequate diet, with gaps only for the essential minerals. The diet of girls in the 7th-9th month of life with an assumed body weight in the 15th percentile 17 showed gaps in eight out of ten nutrients examined (with the exception of protein and folate) in the rural area and six out of ten nutrients (thiamine, riboflavin, niacin, calcium, iron and zinc) in the urban area.
A feasible option to provide all of the needed nutrients from a combination of breast milk plus customary and culturally rooted CF would be to educate the mothers to reapportion the relative amounts of what they already report. For the easiest case scenario, that of the urban boys growing in the 50th of the local reference standard, we found five nutrients to be the 'problem nutrients' in boys in the 7th-9th months of life. The items mentioned in the recall data of the urban mothers and exceeding the applicable critical nutrient density are listed in descending order of nutrient density in Table 5 , up to a maximum of the 15 highest.
For the 'problem nutrients' riboflavin, niacin and calcium, we were able to identify several feasible food sources. There were very few foods on community menus containing a nutrient density to meet the more stringent bioavailability assumptions for iron and zinc. Of the seven foods identified as iron sources, five were fortified foods, none were animal sources and none were among the 20 most commonly consumed foods. Of the five zinc food sources, four were fortified, two were meat products and only one of these, namely Gerber rice cereal, was consumed regularly among Guatemalan infants. As the body mass and energy allowances are lower in the remaining 7th-9th month reference situations, the critical densities are correspondingly higher. With the overall higher energy allowances at the 0.5-kg increase in body weight in the last trimester of infancy, only the critical densities for the three essential minerals remain unmet. The critical nutrient density of CF is the nutrient gap divided by the energy provided by CF.
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DISCUSSION
The present modelling has shown that, with the rural and urban CF observed in the field, 13, 14 RNIs for over almost half of the nutrients of interest were not met by the typical CF of either region, especially in the younger infants in the 7th-9th month of life. The selection and combination of food items constituting the habitual CF in lowincome settings in rural and urban Guatemala has a relatively high degree of variety and diversity. 21 Furthermore, they contain a low fraction of what would be classified by their texture, preparation and restriction within the household as 'baby foods'.
7 Nevertheless, the nutrient densities are generally higher in Guatemalan CF than in foods from the most nutritionally adequate adult diets ('family foods') consumed in the same socioeconomic sectors of Guatemala, 9 with the exception of vitamin C and iron.
The World Alliance of Breastfeeding Action 6 has seconded the WHO goal of continued breastfeeding to 2 years and beyond, 3 although suggesting that the maximal amount of milk capacity, considered to be 780 ml on average per day, 7 be the volume consumed. This represents 523 kcal of energy. If two infants with energy requirements modelled based on the two growth scenarios were each exposed to 780 ml of milk daily at the 7th-9th month, this would represent 83% of total energy for the communityaverage boy, 92% for the community-average girl, 86% for a 15th percentile boy and 96% for a 15th percentile girl. This would leave a respective energy residual of 17, 8, 14 and 4% to be complemented by non-milk foods and beverages. When infants are not breastfed at the full capacity, that is, as modelled here with 75% milk energy contribution in the 7th-9th month, the rest of the caloric allowances are less restrictive. This modelling of energy contributions is, of course, based on the assumption that energy requirements are related to body size, with growth following the established trajectories. 17, 21 Given the environmental contamination and economic deprivation in Guatemalan, poor infants would not be expected to grow along the growth curve of the 2006 WHO standard, 17 with average local weight gain being reduced, more profoundly among boys than girls. This was confirmed by our survey data for the field analyses. 13, 14 Across the board, however, slower growth diminishes their need for dietary energy and consequently their consumption of the associated nutrients.
An alternative assumption is that small children in Guatemala should actually be evaluated in terms of an expectation for 'catchup growth' to approximate the international standards. 17 A corresponding alternative model, therefore, would have the effect of enlarging the allowance for CF energy and consequently of alleviating some pressure on the critical nutrient density to fulfil total daily intake.
The present findings illustrate the distribution and magnitude of the nutrient deficits as a challenge to adequate complementation of breast milk for healthy infants of a rural and an urban lowincome Guatemalan population. Throughout the second half of infancy, requirements for calcium, iron and zinc were not fulfilled by the CF from either area. In the best-case scenario, that of older boys with a community median weight, three nutrients (calcium, iron and zinc) were identified as 'problem nutrients'. In the worstcase scenario, that of younger girls hovering near the 15th percentile of the 2006 WHO growth standard, up to 10 nutrients proved to be problematic.
There are acknowledged limitations in the approach and analyses of this study. As with all modelling, we relied on a series of assumptions, such as energy and nutrient requirements, body weight, energy contribution from breast milk, energy and nutrient content of breast milk, and bioavailability of nutrients. Because estimated average requirements do not exist for the UN recommendation system, 19 we and others 22 have used the RNI, which is based on individual requirements, as our standard; this tends to overestimate nutrient density when a population focus is at play. As low-income Guatemalans have less than ideal Vitamin C (mg) The critical nutrient density of complementary foods as presented in Table 2 and Table 3 . Values for which the critical nutrient densities above the observed nutrient density of the infant.
The nutrient density of complementary foods M Vossenaar et al The nutrient density of the complementary foods consumed by Guatemalan infants in the 6th-11th month of life. Data collected by means of three nonconsecutive 24-h recalls were collected from a convenience sample of mothers of 64 infants living in an urban area.
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Based on community-average body weights 8.0 kg for boys in the 7th-9th month.
c
The critical nutrient density for riboflavin is 0.10 mg per 100 kcal. The critical nutrient density for niacin is 1.9 mg per 100 kcal. The critical nutrient density for calcium is 127.8 mg per 100 kcal. The critical nutrient density for iron is 11.6 mg per 100 kcal (assuming 15% bioavailability). The critical nutrient density for zinc is 4.8 mg per 100 kcal (assuming 50% bioavailability).
h These food items were amongst the 20 most commonly consumed items within the urban sample of Guatemalan infants as published by Enneman et al. 21 The nutrient density of complementary foods M Vossenaar et al
